The spin splitting driven by spin-orbit coupling in monolayer transition metal dichalcogenides (TMDCs) family has been widely studied only for the 1H-phase structure, while it is not profound for the 1T-phase structure due to the centrosymmetric of the crystal. On the basis of first-principles calculations, we show that significant spin splitting can be induced in the 1T-phase of monolayer TMDCs by introducing the line defect. Taking the monolayer PtSe 2 as a representative example, we considere the most stable formation of the line defects, namely Se-vacancy line defect (Se-VLD).
I. INTRODUCTION
Since the experimental isolation of graphene in 2004 1 , significant research efforts have been devoted to the investigation of two-dimensional (2D) materials with atomically-thin crystals 2 . Here, growing research attention has been focused on monolayer transition metal dichalcogenides (TMDCs) family due to a high possibility to be used in the future nanoelectronic devices 3 . Most of the monolayer TMDCs families have a graphene-like hexagonal crystal structures where transition metal atoms (M ) are sandwiched between layers of chalcogen atoms (X) with M X 2 stoichiometry. However, due to the local coordination of the transition metal atoms, they admit two different stable formations in the ground state, namely a 1H-phase structure having trigonal prismatic symmetry, and a 1T-phase structure that consists of distorted octahedral symmetry 4 . The different coordination environments in the monolayer TMDCs lead to distinct crystal field splitting of the d-like bands, thus induces very different electronic properties such as a direct semiconductor for 1H-phase as recently predicted on WS 2 5 and an indirect semiconductor for 1T-phase as recently reported on PtSe 2 6,7 . Furthermore, various physical properties such as tunability of band gap by electric field and strain effects 5, 8 , high carrier mobility 7, 9 , and superior surface reactivity 10 are established, evidenting that the monolayer TMDCs is an ideal platform for next-generation technologies.
One of the important feature found in the monolayer TMDCs is the strong spin-orbit coupling (SOC), which is mainly noticeable in the 1H-phase such as molybdenum and tungsten dichalcogenides (Mo/WX 2 , X=S,Se) 5, 11, 12 . Here, the absence of inversion symmetry in the crystal structure together with the strong SOC in the 5d orbitals of transition metal atoms leads to the large spin splitting in the electronic band structures, which is believed to be responsible for inducing some of interesting phenomena such as spin Hall effect 13 , spin-dependent selection rule for optical transitions 14 , and magneto-electric effect in the monolayer TMDCs 15 . Moreover, due to the presence of the in-plane mirror symmetry in the crystral structures of the monolayer TMDCs, a unidirectional out-of-plane spin polarization is preserved in the spin-split bands around the K point in the first Brillouin zone (FBZ), resulting in a Zeeman-type spin splitting 11, 16 , which is predicted to exhibit a highly spin coherence and a long-lived spin relaxation of electrons 16 . Furthermore, an electrically controllable spin splitting and spin polarization in the monolayer TMDCs has been reported, making the monolayer TMDCs is suitable for spintronics devices such as spin-field effect transistor (SFET) 17 .
Compared with the 1H-phase of the monolayer TMDCs, the effect of SOC in the 1T-phase is equally interesting. Especially monolayer PtSe 2 attracted much scientific attentions since it has been successfully synthesized by a direct selenization at the Pt(111) substrate 6, 7 .
Recently, Yao et. al., by using spin-and angle-resolved photoemission spectroscopy (spin-ARPES), reported spin-layer locking phenomena in the monolayer 1T-PtSe 2 , which is manifestation of the SOC effect and local dipole field 6 . The similar phenomena has also been theoretically predicted on the 1T-phase of the monolayer zirconium and hafnium dichalcogenides (Zr(Hf)X 2 , X=S,Se) 18 . However, in the 1T-phase of the monolayer TMDCs, spin degeneracy remains in the electronic band structures 6, 18 , which is protected by the centrosymmetric of the crystal, thus limiting its spintronics functionality. Considering the fact that the 1T-phase possess superior transport properties due to the high electron mobility 7,9 , lifting the spin degeneracy could be the important key for their realization in the spintronics devices. Therefore, finding a feasible method to induce the significant spin splitting in the 1T-phase of the monolayer TMDCs is highly desirable.
In this paper, by using density-functional theory (DFT) calculations, we show that the significant spin splitting can be induced in the 1T-phase of monolayer TMDCs by introducing the line defect. By using the monolayer PtSe 2 as a representative example, we investigate the most stable formation of the line defects, namely Se-vacancy line defect (Se-VLD). We find that a sizable spin splitting is observed in the defect states of the Se-VLD, exhibiting a highly unidirectional spin configuration in the momentum space. This peculiar spin configuration gives rise to the so-called "persistent spin textures (PST)" 19,20 , a specific spin mode which protects the spin from decoherence and induces an extremely long spin lifetime 21, 22 .
Moreover, by using k · p perturbation theory supplemented with symmetry analysis, we clarified that the emerging of the spin splitting maintaining the PST in the defect states is originated from the inversion symmetry breaking and one dimensional nature of the Se-VLD engineered monolayer PtSe 2 . Finally, a possible application of the present system for spintronics will be discussed.
II. COMPUTATIONAL DETAILS
To model the vacancy line defect (VLD) in the 1T-phase of the monolayer TMDCs, we considered the monolayer PtSe 2 as a representative example since it has been successfully synthesized by a direct selenization at the Pt(111) substrate 6, 7 . We performed first-principles electronic structure calculations based on the DFT within the generalized gradient approximation (GGA) 23 implemented in the OpenMX code 24 . Here, we adopted norm-conserving pseudopotentials 25 with an energy cutoff of 350 Ry for charge density. The wave functions are expanded by the linear combination of multiple pseudoatomic orbitals (LCPAOs) generated using a confinement scheme 26, 27 . The orbitals are specified by Pt7.0-s 2 p 2 d 2 and
Se9.0-s 2 p 2 d 1 , which means that the cutoff radii are 7.0 and 9.0 bohr for the Pt and Se atoms, respectively, in the confinement scheme 26, 27 . For the Pt atom, two primitive orbitals expand the s, p, and d orbitals, while, for the Se atom, two primitive orbitals expand the s and p orbitals, and one primitive orbital expands d orbital. The SOC was included in the DFT calculations by using j-dependent pseudopotentials 28 . The spin textures in the momentum space were calculated using the spin density matrix of the spinor wave functions obtained from the DFT calculations as we applied recently on various 2D materials 29, 30 .
In this work, the VLD were constructed by using supercell model of the pristine monolayer In our DFT calculations, we used a periodic slab where a sufficiently large vacuum layer (20Å) is used to avoid interaction between adjacent layers. The 3 × 12 × 1 k-point mesh was used and the geometries were fully relaxed until the force acting on each atom was less than 1 meV/Å. We calculate formation energy to confirm energetic stability of th VLD through the following formula 31 :
In Eq. (1), E VLD is the total energy of the defective system, E Pristine is the total energy of the pristine system, n i is the number of atom being removed from the pristine system, and µ i is the chemical potential of the removed atoms corresponding to the chemical environment surrounding the system. Here, µ i obtains the following requirements:
Under Se-rich condition, µ Se is the energy of the Se atom in the bulk phase (hexagonal Se, µ Se = 1 3 E Se−hex ) which corresponds to the lower limit on Pt, µ P t = E P tSe 2 − 2E Se , where E P tSe 2 is the total energy of the monolayer PtSe 2 in the primitive unit cell. On the other hand, in the case of the Pt-rich condition, µ P t is associated with the energy of the Pt atom in the bulk phase (fcc Pt, µ P t = 1 4 E P t−f cc ) corresponding to the lower limit on Se,
III. RESULT AND DISCUSSION
First, we briefly discuss the structural symmetry and electronic properties of the pristine monolayer PtSe 2 . As we mentioned previously that the pristine monolayer PtSe 2 belongs to the 1T-phase of the monolayer TMDCs having centrosymmetric crystal. Here, one Pt atom (or Se atom) is located on top of another Pt atom (or Se atom) forming an octahedral coordination, while it shows trigonal structure when projected to the (001) plane [ Fig. 1(a) ].
As a result, a polar group C 3v and a symmorphic group D 3d are identified for the Se and Pt sites, respectively. We find that the calculated lattice constant of the pristine monolayer PtSe 2 in the primitive unit cell is 3.75Å, which is in good agreement with the experiment Next, we consider the effect of the VLD on the structural symmetry of the monolayer PtSe 2 . To examine the optimized structures of the VLDs, we show in Table 1 The significant structural changes induced by the VLDs strongly affect the energetic stability of the monolayer PtSe 2 , which can be confirmed by the calculated formation energy E f . As shown in Table 1 , we find that the E f of the Se-VLD is much lower than that of the Pt-VLD, indicating that the Se-VLD is more favorable to be formed in the monolayer PtSe 2 . Table 1 ]. We found that the E f of the Se-VLD system is comparable to that of the Se-SVD, but is much lower than that of the Pt-SVD, suggesting that the formation of the Se-VLD is energetically accessible. In fact, agregration of the chalcogen vacancy and their alignment into extended line defect has been experimentally reported on the monolayer MoS 2 by using electron irradiation technique [40] [41] [42] , indicating that the Se-VLD engineered monolayer PtSe 2 is experimentally feasible. Since the Se-VLD has the lowest formation energy in the VLD systems, in the following discussion, we will concentrate only for the electronic properties of the Se-VLD engineered monolayer PtSe 2 . It is pointed out here that a single chalcogen vacancy in the monolayer TMCDs is known to have dispersionless midgap defect states due to the localized wavefunction around the vacancy site 33, 39 . However, in our proposed system, the interactions between the neighboring Se-VLD along the extended defect line [see Fig. 1(d Fig. 4(a) for the DS-1, while in the spin-split unoccupied defect states are given in Fig. 4(b) and 4(c) for the DS-2 the PST observed in the present system leads to the spatially periodic mode of the spin polarization to form the persistent spin helix (PSH) states 19, 20 , protecting the spin from the decoherence based on the Dyakonov-Perel (DP) mechanism of spin-relaxation 21, 22 . As a result, an extremely long spin lifetime is expectable, thus offering a promising platform to realize an efficient spintronics devices.
The origin of the spin splitting and the peculiar spin configuration observed in the defect states of the Se-VLD engineered monolayer PtSe 2 can be clarified in term of k · p perturbation theory combined with group theory analysis to deduce the effective SOC Hamiltonian.
Although the inversion symmetry of the monolayer PtSe 2 is already broken by formation of the Se-VLD, it's time reversal symmetry is conserved, leading to the fact that the spin degeneracy remains, in particularly, at the high symmetry point in the FBZ such as the Γ (0,0,0) and Y (0,± 0.5, 0) points. By introducing the SOC, the doublet splits at the k away from the time-reversal-invariat points, in which the effective SOC HamiltonianĤ SOC can be derived by k · p theory. Here, according to Vajna. et. al., it is possible to constructĤ SOC from the following invariance formulation 46 :
where k and σ are the electron's wavevector and spin vector, respectively, and α g k = det(g)gα k , where g is the element of the point group characterizing the small group wave vector G Q of the high symmetry point Q in the first Brillouin zone. By sorting out the components of k and σ according to irreducible representation (IR) of G Q , we can decompose again their direct product into IR. On the basis of the Eq. (4), only the total symmetric IR from this decomposition contributes to theĤ SOC . Therefore, by using the corresponding tables of the point group, one can easily construct the possible term ofĤ SOC . Now, let us apply the above mentioned procedure to predict the possible term of theĤ SOC in our defective system. As previously mentioned that the symmetry of the Se-VLD belongs to C s point group. Therefore, the group of the wave vector at the Γ point also belongs to C s A" A" A point group. This group has two elements: identity operation E : (x, y, z) → (x, y, z) and mirror symmetry operation M yz : (x, y, z) → (−x, y, z)). Accordingly, there are two onedimensional IRs, namely A and A", where character and direct product tables are given in Table 2 and 3, respectively. Since k and σ can be transformed as polar and axial vectors, respectively, a comparison with the character table allow us to sort out the components of these vectors according to the IR as A : k y , k z , σ x and A": k x , σ y , σ z . Moreover, from the corresponding table of direct products, we obtain the third order terms of k as A : k 3 y , k 3 z , k 2 y k z , k 2 x k z , k 2 z k y and A": k 3 x , k 2 y k x , k y k x k z , k 2 z k x . However, due to the 1D nature of the defect states, all the terms containing k x and k z should vanish. Therefore, according to the table of direct products, the combination of the first order of k as well as the third order of k 3 with the components of the spin vector σ that belongs to A IR are k y σ x and k 3 y σ x . This combinations can be generalized for the higher odd order n in k, where the only nonzero term is k n y σ x . By collecting all these terms, the effective SOC HamiltonianĤ SOC of the Se-VLD engineered monolayer PtSe 2 up to nth-order in k near the Γ point can be written as
where α n is the nth-order in k SOC parameter.
It is revealed from Eq. (5) thatĤ SOC is characterized only by σ x term, indicating that the spin textures around the Γ point are uniform and oriented along the x-direction, thus maintaining the PST. This is in fact consistent well with our spin textures shown in Fig. 4 obtained from the DFT calculations. Moreover, at the k point that is far away from the Γ Table III ]. The associated SOC parameters found in the defect states of the Se-VLD engineered monolayer PtSe 2 are sufficient to support the room temperature spintronics functionality.
Importantly, the formation of the PST observed in our defective system leads to the fact that carriers can move in the spatially periodic mode of the spin polarization to form the PSH states 19, 20 with the wavelength of λ = (π 2 )/(m * Γ−Y α 1 ). Here, m * Γ−Y is the carrier effective mass along the Γ − Y direction, which can be estimated by fitting the band dispersion in the defect states along the Γ − Y line. We find that the calculated effective mass m * Γ−Y is -0.21m 0 for the DS-1, while it is 0.25m 0 and 0.19m 0 for the DS-2 and DS-3, respectively, where m 0 is the free electron mass. The negative (positive) value of m * Γ−Y characterizes the hole (electron) carriers in the occupied (unoccupied) defect states. Therefore, the resulting wavelength λ is 6.33 nm for the DS-1, which is smaller than that for the DS-2 (29.47 nm) and DS-3 (28.12 nm) [see Table III ]. Specifically, the small value of λ observed in the DS-1 is comparable with that reported on the bulk BiInO 3 44 , monolayer WO 2 Cl 2 53 , and monolayer group IV monochalcogenide, rendering that the present system is promising for nanoscale spintronics devices.
Thus far, we have predicted that the large spin splitting maintaining the PST is achieved in the defect states of the Se-VLD engineered monolayer PtSe 2 . In particularly, we find that the largest strength of the spin splitting (α = 1.14 eVÅ) is observed in the occupied defect state (DS-1), indicating that p-type defective system for spintronics is expected to be realized. In fact, p-type defective system with the higher carriers mobility and concentration in the monolayer TMDCs has been reported 54 . Considering the fact that the calculated wavelength (λ = 6.33 nm) of the PSH states in the DS-1 is substantially small, it is possible to resolve the features down to tens-nm scale with sub-ns time resolution by using near-filled scanning Kerr microscopy 55 , thus calling for experimentall confirmations of our theoretical predictions. As such, our findings of the large spin splitting with small wavelength of the PSH is useful for realization of an effcient and highly scalable spintronics devices.
IV. CONCLUSION
The effect of the line defect on the electronic properties of the 1T-phase of the monolayer TMDCs is systematically investigated by employing the first-principles density functional theory (DFT) calculations. As a representative example, we have considered the Se-VLD in the the monolayer PtSe 2 since it has the lowest formation energy of the line defect.
By taking into account the SOC, we have found that introducing the Se-VLD in the the monolayer PtSe 2 leads to a sizable spin splitting in the defect states. Our analysis using the orbital-resolved of the electronic band structures have confirmed that the strong p − d orbitals coupling in the defect states plays a significant role for inducing such spin splitting.
Specifically, we have identified a highly unidirectional spin configuration in the momentum space, giving rise to the so-called persistent spin textures (PST) 19, 20 , a specific spin mode resulting in a protection against spin-decoherence, which induces an extraordinarily long spin lifetime. Moreover, by using k · p perturbation theory supplemented with symmetry analysis, we have demonstrated that the emerging of the spin splitting with the highly PST in the defect states is subjected to the inversion symmetry breaking together with the 1D-nature induced by the Se-VLD in the monolayer PtSe 2 . Recently, the defective of the 1T-phase of the monolayer TMDCs has been extensively studied 32, 33, 36, 56 . Our study clarifies that the line defect plays an important role in the spin-splitting properties of the 1T-phase of the monolayer TMDCs, which could be of highly important for designing spintronic devices.
We emphasized here that our proposed approach for inducing the large spin splitting with the highly PST by using the line defects is not only limited on the monolayer PtSe 2 ML, but also can be extendable to other 1T-phase of the monolayer TMDCs systems such as paladium dichalcogenides 56 , tin dichalcogenide 57 , hafnium and rhenium dichalcogenides 58 ,
where the structural and electronic structure properties are similar. In fact, manipulation of the electronic properties of these particular materials by introducing the defect has been recently reported 56 . Therefore, it is expected that our predictions will stimulate further theoretical and experimental efforts in the exploration of the spin-splitting properties of the the monolayer TMDCs, broadening the range of the 2D materials for future spintronic applications. 
